1. Introduction {#sec1}
===============

Salinity, high temperature, dry season, heavy metals, nutrient inadequacy, UV-radiation and pathogenic diseases are various types of abiotic and biotic stresses which affect the plants throughout their life cycle ([@bib280]). These various abiotic stresses lead to changes in cellular level, secondary stresses comprising protein denaturation, memberane injury, destruction of reactive species and osmotic stress, which are interrelated to each other. During stress conditions, plants accumulate different osmolytes, especially L-proline, L-proline betaine, glycine betaine, glycerol, mannitol, sorbitol etc ([@bib268]). Plants use these osmolytes to cope up with the stress conditions by employing different mechanisms such as change in cell osmotic pressure, contribution in reactive oxygen species (ROS) detoxification, assurance of membrane respectability and adjustment of compounds/proteins ([@bib19]; [@bib93]). Among them, the aggregation of L-proline upon osmotic pressure are all around seen in an enormous number of various creatures, comprising protozoa ([@bib231]; [@bib112]), eubacteria ([@bib49]; [@bib305]; [@bib214]), marine invertebrates ([@bib40]; [@bib282]), and algae ([@bib38]; [@bib160]; [@bib134], [@bib135]), as well as in various plant species ([@bib205]; [@bib171]; [@bib287]; [@bib46]). Besides acting as an osmolyte, L-proline additionally assumes significant character throughout stress as a metal chelator and an antioxidative defense molecule. L-Proline is a proteinogenic amino acid with the α-amino group present as an auxiliary amine which is essential for primary metabolism ([@bib307]; [@bib22]). L-Proline aggregation ordinarily happens in cytoplasm where it works as molecular chaperons settling the structure of proteins and its accumulation buffers cytosolic pH and maintains up cell redox status. L-Proline works as an osmolyte, radical scrounger, electron sink, stabilizer of different macromolecules, and component of cell wall ([@bib172]). Diverse reports indicated that exogenous consumption of L-proline stimulates abiotic stresses tolerance in plants. In various environmental stress situations, the free radical generation rise above the entire cellular antioxidative capability prominent to oxidative stress, which participates to antagonistic effects on plant development. Under salinity, up to 1 mol l^−1^ L-proline accumulates in entire tissue. Expanded degrees of L-proline is associated with upgraded salinity resilience ([@bib203]), for instance, in tobacco cell culture communicating the regulatory Hal3 gene from *Arabidopsis thaliana* ([@bib328]). The present review focuses on the synthesis, accumulation and metabolism of L-proline. The main emphasis of this review is based on the role of L-proline in stress resistance in plants during several environmental conditions.

2. L-Proline accumulation and stress tolerance in plants {#sec2}
========================================================

L-Proline comprises less than 5% of the total pool of the free amino acids in plants under regular conditions ([@bib266]). In numerous plants under different type of stress, the concentration increments up to 80% of the amino acid pool. Intracellular L-proline levels in plants are administered by biosynthesis, catabolism and transport among cells and various compartments of cell. L-proline is dominatingly incorporated from glutamate. Three enzymatic activities, in particular (i) the Δ^1^-γ-glutamyl kinase (EC 2.7.2.11) action of Δ^1^-pyrroline-5-carboxylate synthetase (At2g39800), (ii) the glutamic-γ-semialdehyde dehydrogenase (EC 1.2.1.41) movement of Δ^1^-pyrroline-5-carboxylate synthetase (P5CS), and (iii) two isogenes of Δ^1^-pyrroline-5-carboxylate reductase (P5CR; EC 1.5.1.2) convert glutamate to L-proline in three exergonic responses devouring 1 ATP and 2 NADPH per L-proline. The utilization of two moles of NADPH indicates that L-proline involves in electron sink mechanism. L-proline is synthesized from ornithine by ornithine-δ-aminotransferase (OAT), where Δ^1^-pyrroline-5-carboxylate (P5C) is delivered. In higher plants, L-proline biosynthesis happens either through the glutamate or the ornithine pathway ([Figure 1](#fig1){ref-type="fig"}). Contingent on ecological conditions, L-proline can be coordinated in various subcellular compartments. Housekeeping biosynthesis of L-proline happens in the cytosol, and in *Arabidopsis* it is constrained by the *P5CS2* gene ([@bib287]), which is dynamic in partitioning meristematic tissues, for example, shoot and root tips, and inflorescences ([@bib165]; [@bib58]; [@bib295]; [@bib175], [@bib176]). Both P5CS genes (involve in biosynthesis of L-proline) are dynamic in floral shoot apical meristems and contribute in bloom improvement ([@bib50]). L-Proline integration in chloroplasts is constrained by the stress initiated gene pyrroline-5-carboxylate synthetase (*P5CS1*) in *Arabidopsis* ([@bib256]; [@bib284]; [@bib287]).Figure 1Figure showing the metabolic pathway of L-proline through glutamate and ornithine. It also indicates the basic difference between the glutamate pathway and ornithine pathway for L-proline synthesis.Figure 1

Any adjustment in the encompassing condition may upset homeostasis. Natural adjustment of homeostasis might be characterized as biological stress. One of the stress reactions in plants is the accelerated generation of ROS e.g., OH^•^, O~2~^•^, H~2~O~2~ and so on. These ROS cause extensive harm through membrane lipid peroxidation and furthermore through direct communication with different macromolecules. Cells have adjusted various components to hold the ROS level in check. In any case, less concentration of ROS partakes in a sign transduction component. L-Proline gives protection to plants from stress by adding to cell osmotic change, ROS detoxification, insurance of membrane uprightness and catalysts/protein adjustment ([Figure 2](#fig2){ref-type="fig"}). Saradhi et al. (1995) revealed the gathering of L-proline in rice, mustard and mung bean plants against UV radiation. Molecular mechanism of extinguishing of ROS by L-proline in plants has been reported by [@bib172]. L-Proline aggregation likewise happens in plants in light of drought stress. For instance, water shortfall rice plants collected high measures of L-proline in leaves ([@bib106]) which were credited to improved substance of the antecedents for L-proline biosynthesis, including glutamic acid, ornithine and arginine. On account of wheat, rate of L-proline aggregation and use was likewise impressively higher in the drought tolerant cultivar than drought sensitive cultivar ([@bib208]). Besides, activities of L-proline biosynthetic enzymes P5CR and OAT expanded principally in tolerant lines in *Brassica juncea* plants developed under stressed condition; in any case, the action of catalyst which debases L-proline \"L-proline oxidase\" diminished in all lines ([@bib165]; [@bib192]). L-Proline collection has additionally been proposed to actuate elective detoxification pathway by ensuring and settling ROS scavenging enzymes. In salt stressed tobacco cells, L-proline has been shown to increase the activity of methyl-glyoxal detoxification enzymes; improve peroxidase, glutathione-S-transferase, superoxide dismutase and catalase activities; and increment the glutathione redox state ([@bib101]; [@bib118]; [@bib177]). Aggregation of P5CS1 and P5CR in chloroplasts during the states of salt stress shows that under such unfriendly conditions, glutamate-inferred L-proline biosynthesis is raised in plastids, where photosynthesis happens ([@bib287]). The relationship between L-proline accumulation and abiotic stresses resistance in plants is not clear till now. Aggregation of L-proline in the leaves was accepted to be an indication of salt injury as opposed to an indication of salt resistance in rice plants developed under salinity ([@bib164]). Moreover, evaluation of L-proline accumulation and dissemination in two sorghum genotypes varying in salt resilience demonstrated that L-proline collection happened because of salt stress and not in light of salt resistance ([@bib55]).Figure 2Role of L-proline in plant growth and stress tolerance. L-proline plays important role as an osmolyte (protective purpose) and responsible to maintain the redox equilibrium through control the ROS and MG, increases photosynthetic production, can adjust development and metabolic signaling networks monitoring mitochondrial roles, stress utility and development (reformed from [@bib286]).Figure 2

3. L-proline metabolism {#sec3}
=======================

Elijah Adams and Harold Strecker first of all described the metabolic pathway of L-proline in the mid of year 1950\'s ([@bib4]; [@bib225]; [@bib226]). L-proline secretion helps plant to combat under various abiotic stress conditions.

3.1. Effect of phytohormones on L-proline metabolism {#sec3.1}
----------------------------------------------------

Crops are exposed to various types of abiotic and biotic stresses. Abiotic stresses like salinity affects the growth of plants (positively or negatively) due to ionic imbalances/toxicity, osmotic stress, and nutritional deficiency, which ultimately disturb the metabolism and leads to oxidative stress ([@bib303]; [@bib341]; [@bib209]; [@bib143], [@bib145]) that triggers DNA damage, lipid peroxidation, photosynthetic inhibition and disturbance in nutrient status ([@bib209]; [@bib299]). There are various strategies has been adopted to overcome salt stress in plants such as accumulation of osmolytes works as osmoprotectants to maintain ionic and nutrient homeostasis ([@bib209]; [@bib143], [@bib145]). [@bib148] reported that under stress condition L-proline plays a very important role as osmolyte and their metabolism regulated by phytohormones ([@bib306]; [@bib143], [@bib145]; [@bib116]; [@bib178]). These phytohormones are endogenous growth regulators which regulate germination, growth, metabolism, or other physiological activities and mechanisms of tolerance in plants to salinity stress ([@bib144]). Phytohormones may regulate salinity tolerance through its influence on L-proline metabolism via regulating nitrogen (N~2~) or calcium (Ca^2+^) accumulation. Auxins ([@bib129]; [@bib217]), gibberellins (GA3) ([@bib98]; [@bib21]; [@bib273]; [@bib3]; [@bib83]; [@bib232]), abscisic acid ([@bib207]; [@bib288]; [@bib82]), cytokinins ([@bib310]; [@bib319]; [@bib184],[@bib185]) and ethylene ([@bib338]; [@bib42]; [@bib314]; [@bib143], [@bib145]; [@bib114]; [@bib179]) are the phytoharmones known to regulate salinity stress effect in plants. Gibberellins (GA3) maintains membrane permeability and macro (P, N, Mg^+2^, Ca^+2^ and K^+2^) and micro (Fe, Mn and Zn) nutrient levels by increasing L-proline content under salt stress ([@bib298]). In *Linum usitatissimum* GA3 and Ca^2+^ promotes the L-proline level ([@bib146]). Treatment of wheat plant with exogenous IAA (0.3 mM conc.) results in reduction in L-proline accumulation under drought (6% polyethylene glycol) and salinity (150 mM NaCl) ([@bib248]). In *Triticum aestivum*, under heat stress condition ethylene interact with other signalling molecules and hence enhances the L-proline metabolism results in increase in heat stress tolerance ability of plant ([@bib144]). Accumulation of L-proline mediated by both ABA-independent and ABA-dependent and signaling pathway, and under abiotic stress condition, it enhances the L-proline accumulation in plants to down regulates the stress effects ([@bib89]; [@bib166]; [@bib306]). In *Arabidopsis*, P5CS1 L-proline accumulation was increased under both salt and osmotic stress ([@bib284]; [@bib2]; [@bib308]). ABA stimulates glutamic acid to synthesize L-proline ([@bib283]). Nitrogen is an integral component of L-proline so nitrogen content and its level in plants are correlated with the L-proline metabolism and L-proline level as well ([@bib290]). Free L-proline content is dependent on nitrogen availibility ([@bib210]). Accumulation of L-proline is also dependent on the availability of potassium chloride ([@bib45]) and calicium ([@bib151]). More studies need to be focused to understand the mechanism of phytohormones interaction and L-proline metabolism for salt tolerance.

3.2. Core L-proline metabolic pathway {#sec3.2}
-------------------------------------

L-Proline synthesis involves the two pathways i.e., through glutamate cycle and ornithine cycle**.** Glutamate and ornithine are the precursors for L-proline biosynthesis. L-Proline metabolism consists of L-proline synthesis and L-proline catabolism. L-Proline synthesis usually occurs in cytoplasm or chloroplast, catalyzed by two enzymes P5CS1 and P5CS2 (Δ^1^-pyrroline-5-carboxlyate synthetase 1 and Δ^1^-pyrroline-5-carboxlyate synthetase 2), respectively and catabolism of L-proline occurs in mitochondria where L-proline catabolized back to glutamate and this overall process is also termed as "L-proline cycle" ([@bib307]; [@bib186], [@bib187]). L-Proline synthesis is a reduction reaction process started from glutamate by glutamate dehydrogenase enzyme. It was reported that P5CS mRNA level increases and δ-OAT mRNA level decreases under salt stress and nitrogen deficient condition while it was reported that δ-OAT mRNA level is increases under excess nitrogen ([@bib149]).

3.3. L-Proline biosynthesis through glutamate pathway {#sec3.3}
-----------------------------------------------------

L-Proline synthesis via glutamate is first of all reported in bacteria ([@bib157]). The glutamate pathway normally occurs in the cytosol and chloroplast ([@bib16]). Pathway of L-proline metabolism consist of following pathways; first of all glutamate synthesized L-proline in chloroplast or cytoplasm and this process is catalysed by two enzymes P5CS1 and P5CS2. Firstly, glutamate is phosphorylated and converted into γ-glutamyl phosphate and then P5CS converts the γ-glutamyl phosphate into the intermediate compound glutamic semialdehyde (GSA) which converts into Δ^1^-pyrroline-5-carboxlyate (P5C) which finally synthesizes L-proline. P5C is then reduced to L-proline by P5C reductase (P5CR) in both prokaryotes and eukaryotes. In plants and other eukaryotes glutamate directly converts into GSA catalysed by P5CS. P5CS is an important enzyme in L-proline biosynthesis as it acts as a rate limiting step and monitered by the feed-back inhibition and transcriptional regulation ([@bib256]; [@bib330]; [@bib336]; [@bib188], [@bib189]).

### 3.3.1. Δ^1^-pyrroline-5-carboxylate synthetase (P5CS) {#sec3.3.1}

P5CS act as a bifunctional enzyme which firstly converts glutamate (precursor of L-proline synthesis) into an intermediate compound glutamic semialdehyde which again converts into P5C through cyclization event. In *Vigna aconitifolia* the enzymatic domains of P5CS have leucine zipper sequence which helps in maintenance of tertiary structure and helps in protein-protein interaction of enzyme ([@bib107]). Activity of P5CS is enhanced by light intensity ([@bib91]) and nitric oxide ([@bib337]). Treatment of brassinosteroid is known to decrease the activity of P5CS1 ([@bib2]). [@bib148] have studied that Δ^1^-pyrroline-5-carboxylate synthetase encoded by P5CS1 have indigenous expression as rate limiting enzyme for L-proline synthesis via glutamate. In *Arabidopsis* Δ^1^-pyrroline-5-carboxylate synthetase is encoded by P5CS2 was found to encode *CONSTANS* gene which is a transcription regulator ([@bib251]).

### 3.3.2. Δ^1^-pyrroline-5-carboxylate reductase (P5CR) {#sec3.3.2}

P5CR mediate the conversion of intermediate compound P5C into L-proline. [@bib336] have isolated two *ClP5CS1* and *ClP5CS2* genes which are homologous to P5CS, one *C1PDH* gene homologous to L-proline dehydrogenase and four *ClProT1-4* genes which are homologous to L-proline transporter (GenBank accession numbers: [KF743136](ncbi-n:KF743136){#intref0010}--KF743142) in *Chrysanthemum lavandulifolium*, and found that these genes are more potent against abiotic stress and enhance resistance and stress tolerance ability in *Chrysanthemum morifolium*.

3.4. Chromosomal location of gene encoding the Δ^1^-pyrroline-5-carboxylate synthetase (P5CS) {#sec3.4}
---------------------------------------------------------------------------------------------

*At--P5C* is the first gene which encodes P5CS and was isolated from *A. thaliana* ([@bib256]). Homology of P5CS is found at the N terminal of yeast γ-glutamyl kinase and C- terminus to bacterial γ-glutamyl phosphate reductase. The chromosomal location of *At*--*P5C* gene was found at the bottom of chromosome through southern analysis technique. In *Arabidopsis*, *P5CS* is encoded by two form of *At--P5C* gene that is gene *AtP5CS1* and *AtP5CS2* ([@bib284]; [@bib334]). Gene *AtP5CS1* is active in most of the plant parts but do not express in dividing cells, whereas gene *AtP5CS2* is active in cell division and trancscribed in other plant tissue ([@bib284]).

3.5. L-proline biosynthesis through ornithine pathway {#sec3.5}
-----------------------------------------------------

L-proline can be synthesized through an alternative pathway via ornithine (precursor of L-proline) and the role of ornithine is not well explained ([@bib307]). Ornithine pathway involves two basic steps by transamination of α- or δ-NH~2~ moiety of ornithine ([@bib194]; [@bib5]; [@bib56]). Ornithine transamination into glutamic-5-semialdehyde (GSA) is catalyzed by ornithine δ-aminotransferase and converted to L-proline through P5C enzyme ([@bib286]). L-Proline metabolism is affected with respect to the expression of PDH in different organs and duplicated P5CS genes in *Arabidopsis*, it was reported that L-proline metabolism is a light dependent process stimulated by abscisic acid and in *Arabidopsis* under salt stress condition inhibited by brassinosteroid ([@bib2]). In *Medicago truncatula*, L-proline biosynthesis is a glutamate biosynthesis mediated pathway and it is a gene-specific pathway dependent on various plant growth conditions ([@bib16]). It was found that Ornithine-d-aminotransferase (OAT) play catabolic role in *A. thaliana* mutants and their deficiency showed no change in the L-proline level ([@bib76], [Figure 3](#fig3){ref-type="fig"}).Figure 3Schematic presentation of the ornithine pathway during L-proline synthesis which occurs in mitochondria and cytoplasm/chloroplast. Synthesis of L-proline occurs in the cytosol as well as in the chloroplast, while L-proline degradation is implemented in the mitochondrion.Figure 3

4. L-Proline catabolism {#sec4}
=======================

L-Proline dehydrogenase (ProDH) is the first enzyme for L-proline catabolism. *ERD5* (Early Response to Dehydration 5) encodes a protein which encodes ProDH enzyme. Reduction of ProDH enhances electron transport and ATP generation in mitochondria ([@bib307]). L-Proline degradation pathway occurs in mitochondria (When there is no need of L-proline in plants at all or when there is excess amount of L-proline in plants, then L-proline catabolic activity start). L-Proline is oxidized to P5C by L-proline dehydrogenase enzyme, now P5C is converted back to the glutamate catalyzed by enzyme P5C dehydrogenase. The PDH enzyme is present in the inner mitochondrial membrane. Hence, PDH are the chief enzymes for L-proline catabolic pathway. There are two homologous genes which codes for the enzymes P5CS and PDH, in *A. thaliana* ([@bib284]; [@bib75]), *M. truncatula* ([@bib16]) and *Nicotiana tabacum* ([@bib244]). During stress conditions the L-proline content is enhanced by increasing the expression of *P5CS* gene or decreasing the expression of *PDH* gene ([@bib304]; [@bib199]). [Figure 4](#fig4){ref-type="fig"} indicates the L-proline metabolism during the course of phosphate starvation (*Pi*) and osmotic stressed conditions. In *C. lavandulifolium*, PorTs homologus gene were isolated and found to be associated with L-proline accumulation and also play a vital role during stress environment ([@bib336]). In Gram negative bacteria, there is a bifunctional enzyme L-proline utilization A (PutA) which is combinedly formed by fusion of both L-proline dehydrogenase (PRODH) and Δ^1^-pyrroline-5-carboxylate (P5C) dehydrogenase (P5CDH) which perform both the catabolism and synthesis ([@bib253]). Reduction in ProDH enhances electron transport and ATP generation in mitochondria ([@bib270]).Figure 4Figure showing the regulation of L-proline metabolism during the course of phosphate starvation (*Pi*) and osmotic stressed conditions. During the course of osmotic stress, L-proline accumulation occurs and structured by the stimulation of *P5CS1* and suppression of *PDH1* genes, correspondingly. Activation of *P5CS1* gene is regulated by ABA signals, probably completed by the ABRE cis acting motif in the promoter. Phosphate starvation stimulated PHR1 and PHL1, which induces by *P5CS1* via binding to its P1BS motif. Similarly, *PDH2* is also stimulates by PHR1 and PHL1 and *Pi* scarcity. During phosphate starvation, *NCED3* also induced which can increase ABA levels. ABA signals control plant growth and activates several stress-associated genes, comprising *PHL1* and *P5CS1*.Figure 4

L-Proline metabolism is depends upon nitrogen uptake and works as a nitrogen-storage compound ([@bib320]; [@bib252]). It is found that under drought stress L-proline metabolism has a positive correlation with nitrogen supply in sugar beet plants; under drought condition in beet root increase in nitrogen uptake consequently enhance the L-proline level ([@bib202]). It is found that in nitrogen-fixing bacteria under salinity stress condition there is an increase in the activity of PDH enzyme and hence there is increase in L-proline metabolism ([@bib152]). The various doses of nitrogen positively correlated with the L-proline metabolism and it is found that in green bean (*Phaseolus vulgaris*) plants protein metabolism significantly affected by different nitrogen levels ([@bib252]). The function of enzymes δ-OAT and P5CS involved in L-proline biosynthesis also depends on nitrogen level and hence affect the L-proline biosynthesis in plants ([@bib252]). It was reported that L-proline biosynthesis play important role in breakdown of kiwi fruit bud without hydrogen cyanamide (HC) treatment ([@bib311]).

5. Signal transduction {#sec5}
======================

MAPK cascades respond to antioxidant signaling pathways ([@bib227]; [@bib279]). For L-proline biosynthesis under abiotic stress condition mitogen activated protein kinase (MAPK) is the prime signalling pathway. The receptor in this cascade is modulated by various stimuli. MAP kinase signalling pathway is a combination of MAP kinase kinase kinases (MAP3Ks/MAPKKKs/MEKKs), MAP kinase kinases (MAP2Ks/MAPKKs/MEKs/MKKs) and MAP kinases (MAPKs/MPKs) ([@bib197]; [@bib245]). Under stimulation through serine/threonine kinases phosphorylation, MAPK receptor undergoes the phosphorylation and become activate. MAPKs are phosphorylated by MAP2Ks on threonine and tyrosine residues at a conserved T-X-Y motif ([@bib43]). MAP kinase phosphorylates various substrate, kinases and transcriptional factors under stress condition and also activates and synthesize the L-proline. [Figure 5](#fig5){ref-type="fig"} represents connection between L-proline metabolism and leaf senescence signaling pathway where leaf undergo to senescence because of abiotic stresses and results in reduction of L-proline level, as a result there is increase in the activity of L-proline catabolic enzyme PRODH2 and P5CDH. Glutamate play role in nitrogen recycling process. Phospholipase D (PLD) is known to act as inhibitor of L-proline biosynthesis in *Arabidopsis*, 1-butanol act as a negative inhibitor of PLD and 1-butanol enhance the activity of P5CS1 and enhance L-proline accumulation ([@bib293]). PI3K enzyme inhibits the PRODH2 activity and hence reduces the L-proline catabolic activity as well as blocks the ROS and oxidative stress ([@bib335]).Figure 5Flow diagram showing the signaling pathway for L-proline activation under leaf senescence.Figure 5

6. Transport {#sec6}
============

To combat from various abiotic stresses, L-proline transportation plays a vital role. Transport of various essential amino acids is somehow depends on environmental signals. Various abiotic stresses affect the transport of L-proline ([@bib149]). Principal L-proline transporters (ProTs) were initially isolated from *Arabidopsis* as extremely selective transporters for L-proline ([@bib241]). Transporters are required for L-proline transport and the L-proline transporter is divided into two super-families; (1) the amino acid, polyamine, and choline transport superfamily; and (2) the amino acid transporter family (ATF) superfamily. Further, the super family is sub divided into sub-classes; amino acid permeases, lysine, histidine transporters, L-proline transporters (ProTs), auxin transporters and a new member of the family ([@bib68]; [@bib305]; [@bib213]; [@bib309]). Several types of L-proline transporters are present in different plants which are discussed in [Table 1](#tbl1){ref-type="table"}. Eight L-proline transporters were identified in *Arabidopsis*, A ProT1 transporter was found in various organs of plants and its main role is found in L-proline transport to the pollen grain ([@bib262]). During stress conditions, *A. thaliana* secretes ProT1 and ProT2 transporters, ProT1 mainly works under salt stress and ProT2 is mainly responsible for N transport during water stress condition ([@bib241]). L-Proline transport through plasma membrane is achieved through two plant transporters family i.e., amino acid/auxinpermease (AAAP) family and APC (amino acid--polyamine choline) family. ProT is located at plasma membrane and is responsible for long distance intercellular transport ([@bib242]). Glutamine synthetase influence and control the L-proline transport and amount in different organs of plant like in xylem and phloem cells ([@bib39]). The three L-proline transporters ProT1, ProT2 and AAP6 are reported in *A. thaliana* through C-DNA technology ([@bib241]). *HvProT2*, is a novel gene, encode L-proline transporter in mestome sheath and lateral root cap cells of barley ([@bib74]). LeProTs L-proline transporter is also found in tomato for L-proline transport ([@bib262]; [@bib81]). *LeProT1* transporter present in both mature and germinating pollen of tomato, as demonstrated by RNA *in situ* hybridization ([@bib262]). After biosynthesis of L-proline, silicone oil centrifugation technique has been used to understand the transportation of L-proline through intercellular space between chloroplast, cytosol and mitochondria. In mitochondria, L-proline uptake is an active transport because L-proline transport is achieved through many transporters ([@bib332]). [@bib325] studied on sugar beet and explained that a novel choline transport mechanism through substrate specificity and expression of L-proline transporter, L-proline and betaine transport is a pH dependent process and L-proline/betaine transport is inhibited by proton uncoupler carbonylcyanide m-chlorophenylhydrazone (CCCP) ([Table 2](#tbl2){ref-type="table"}).Table 1Different L-proline transporters in various plants.Table 1TransportersPlantsReferencesAtProT1-3*Arabidopsis thaliana*[@bib241]\
; [@bib81]; [@bib204]LeProT1-3Tomato[@bib262]OsProT1Rice[@bib109]HvProT1-2Barley[@bib301]ProT1Sugar beet[@bib325]ClProT*Chrysanthemum lavandulifolium*[@bib241]; [@bib81]Pro/GluantiporterDurum of wheat[@bib86]EgProT1Oil palm *Elaeisguineensis*[@bib324]ProT1--2*Avicennia marina*[@bib309]Table 2Effect of exogenous L-proline application and its role in protecting plants under various abiotic stresses.Table 2Name of the cropExogenous\
L-prolineResult/EffectsReferencesChickpea (*Cicer arietinum*)10 μMOxidative injury reduced by increasing enzymatic and non- enzymatic antioxidants[@bib140]Lentil (*Lens culinaris*)15 μMUpregulation of glyoxalase and glutathione transferase[@bib201]Melon (*Cucumis melo*)200 μMIncreased P~N,~ F~V~/F~M~, Chl content fresh and dry masses and also antioxidative enzyme activity but reduced levels of O~2~^-^ and H~2~O~2~ content[@bib326]Mung bean (*Phaseolus vulgaris*)50 μMIncrease in activities of antioxidative enzymes, components of ascorbate-glutathione cycle, decrease in H~2~O~2~ content and lipid peroxidation[@bib6]Olive *(Olea europaea)*50 μMModulation of anti-oxidative defense system, enhanced photosynthetic activity and plant growth and also maintenance of stable plant water status[@bib7]Sea daffodil (*Pancratium maritimum*)5 μMProtection of protein turnover machinery against damage due to stress and also up-regulation of stressprotective proteins[@bib147]Sugarcane (*Saccharum officinarum*)20 μMEnhancing salt induced oxidative stress through alleviating guaicol peroxidase activity[@bib221]Tobacco (*Nicotiana tabacum*)20 μMAlleviation antioxidant enzyme activity and fresh mass[@bib102]Wheat (*Triticum aestivum*)20 μMImprovement in root and shoot fresh and dry masses, shoot length and grain yield[@bib130][^1]

7. Effect of exogenous L-proline during various environmental conditions {#sec7}
========================================================================

Plants when exposed to stressful environment accumulates range of metabolites especially amino acids. Generally, amino acids are considered as precursors and components of proteins and also play a major and vital role in plants development and metabolism ([@bib93]). A large data suggests there is direct association amid L-proline accumulation and plant stress because L-proline as an amino acid plays crucial role in plants exposed to various stresses ([@bib113]). L-Proline not only serves as an excellent osmolyte, but also plays three major roles during stress i.e., as a metal chelator, an oxidative defense molecule and most important a signaling molecule ([@bib160]). Literature review indicated that stressful condition imparts overproduction of L-proline which in turn results an overproduction of L-proline by sustaining osmotic balance or cell turgor pressure, provides membrane stabilization thus preventing electrolyte leakage, and transporting the ROS concentration within regular ranges, therefore inhibiting oxidative burst in plants ([@bib93]). Various reports showed that when L-proline supplied exogenously in adequate amount or low concentration enhanced the stress tolerance in plants wherein when supplied with higher concentration showed toxicity ([@bib69]; [@bib224]; [@bib105]; [@bib20]; [Table 2](#tbl2){ref-type="table"}).

7.1. Effect exogenous L-proline on growth of plants under varying environment {#sec7.1}
-----------------------------------------------------------------------------

Plants when exposed to various abiotic stresses, they generally experiences growth inhibition/growth retardation. Application of exogenous L-proline provides the osmoprotection and also enhanced the plant growth under salinity stress ([@bib50]; [@bib1]; [@bib327]; [@bib223]; [@bib243]; [@bib269]). [@bib247] reported that when L-proline applied exogenously at a lower concentration, enhanced the adverse effects of salinity in rice. In *Arachis hypogea*, when L-proline provided in lower concentration in the culture medium, it efficiently enhanced salinity induced deterioration in fresh weight, also diminished peroxidative damage of lipid membrane. However, there is no beneficial effect was obtained at higher concentration of L-proline while under salinity stress in the similar experiment there was an increase in the dry weight and also free L-proline content in the callus cells of *alfa alfa* (*Medicago sativa*) was increased ([@bib123]; [@bib61]). In maize (*Zea mays)* when applied exogenously in immature embryos it stimulated somatic embryogenesis ([@bib17]; [@bib60]; [@bib47]; [@bib8]). According to [@bib9] when L-proline applied exogenously as spray treatment at seedling and/or at vegetative stage on *Zea mays* showed enhanced growth of maize under water deficient condition. On *T. aestivum* when exogenous L-proline was applied on as pre-sowing seed soaking treatment it enhanced the growth and yield of wheat ([@bib130]). Exogenous L-proline when supplied exogenously on maize it alleviated the growth and maintained the nutrient status by promoting the uptake of K^+^, Ca^+^, P and N in drought stress ([@bib9]). Application of exogenous L-proline on tobacco Bright Yellow-2 (BY-2) mitigated cadmium induced inhibitory effect ([@bib118]).

7.2. Effect of exogenous L-proline on oxidative stress and the antioxidant system {#sec7.2}
---------------------------------------------------------------------------------

As a result of various metabolic processes plants continuously synthesize ROS ([@bib70]). Oxidative stress occurs when the ROS formation exceeds its scavenging potential. Therefore, plants have developed many protective methods so as to reduce or eliminate excess harmful ROS by various antioxidant enzymes for example superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR) also by non-enzymatic antioxidants like ascorbate, tocopherol, glutathione etc ([@bib27]; [@bib315]; [@bib29]). Through the process of physical quenching progression L-proline deactivates ^1^O~2~ ([@bib200]; [@bib172]). But recently it has been reported that L-proline cannot quench ^1^O~2~ in an aqueous buffer which leads to a consideration that L-proline scavenges ^1^O~2~ in plants under stress ([@bib274]). According to mechanistic approach collected by DFT/PCM (Density functional theory coupled with polarizable continuum model) to prove the role of L-proline during stress as a protective OH˙ scavenger in plants. In proline cycle, L-proline captures the first OH˙ via H abstraction followed by another or second H abstraction where it captures another OH releasing P5C that is again recycled back to L-proline through the action of NADPH/P5CR enzymes ([@bib274]). ROS significantly provides protection against pathogens to plants ([@bib13]; [@bib35]). Besides protection, ROS plays a major role in various developmental processes, formation of treachery elements and lignification ([@bib292]; [@bib122]; [@bib64]). High or excessive level of ROS causes the oxidative damage like DNA/RNA damage, oxidation of proteins and lipids, and also chlorolphyll pigment degradation ([@bib72]; [@bib111]; [@bib53]; [@bib261]). Under optimum conditions different antioxidants defence molecules scavenge ROS ([@bib12]). However, plants exposed to various biotic and abiotic stresses caused generation of ROS, excessive release of ROS ([@bib52]; [@bib169]; [@bib198]; [@bib190]) not only damages the cell physiology at genomic and proteomic level but also causes the release or efflux of K^+^ from cells ([@bib265]). Exogenous L-proline when applied to *Arabidopsis* roots reduced the level of ROS indicated the scavenging potential of L-proline and also reduces ROS -- induced K^+^ efflux ([@bib51]; [@bib33], [@bib34]). Application of exogenous L-proline were significantly increased the anti-oxidative enzyme activities such as catalase (CAT), peroxidase (POX) and superoxide dismutase (SOD) in tobacco suspension cultures when exposed to salinity stress ([@bib102], [@bib103]). One of another very important defence response of plants against harmful ROS is ascorbate-glutathione (ASC-GSH) cycle ([@bib211]). Application of exogenous L-proline up-regulates the enzymatic activities of ASC-GSH cycle. APX (ascorbate peroxidase), MDHAR (monohydroascorbate reductase) and DHAR (dihydroascorbare reductase) in tobacco cultures that were exposed to salinity stresses ([@bib102], [@bib103]; [@bib44]). Exogenous application of L-proline and betaine conferred the cadmium stress tolerance in cultured tobacco cells through increasing activates of SOD and CAT, and also there was decrease in the lipid peroxidation rate ([@bib118]). Many studies showed that exogenous L-proline application enhanced the activity of antioxidative enzymes in several plants under stress condition, for examples, chickpea ([@bib140]), sea daffodil ([@bib147]), sugarcane ([@bib221]), lentil ([@bib201]), olive ([@bib28]), melon ([@bib326]) etc ([Table 1](#tbl1){ref-type="table"}). Exogenous application of L-proline on the salt treated mung bean showed increased level of ascorbate and glutathione/disulfide ratio and also high levels of GR, CAT and APX but reduced levels of H~2~O~2~ and malondialdehyde ([Table 1](#tbl1){ref-type="table"}). Endogenous L-proline application in the transgenic citrus plants carrying heterologous gene *P5CS112A* leads to increase in the transcription of cytosolic APX and chloroplast Gr and Cu/Zn SOD isoforms ([@bib54]).

Effect of exogenous L-proline on *P. Vulgaris*, alleviated salt-induced oxidative stress through the increase in various growth parameters, endogenous L-proline, photosynthetic pigments, nitrate, nitrite, ascorbic acid and mineral nutrient concentrations such as P, K, Na, and lastly enhance the activity of antioxidantive enzymes such as SOD, CAT, and POD as well as increase in concentrations of carotenoids, endogenous L-proline and ascorbic acid ([@bib1]). The exogenous application of L-proline enhance the biochemical features, morphological characteristics, growth and yield of the two inbred rice cultivars *viz.* BRRI dhan 29 (salt sensitive) and Binadhan-8 (moderately salt-tolerant). There was increase in chlorophyll, ascorbate contents, intracellular L-proline K^+^/N^+^ ratio and also antioxidative enzymes ([@bib132], [@bib131]; [@bib133]). In maize seedlings, exogenous L-proline application enhanced the antioxidant and detoxification systems along with this showed a better protective role in improving the physiological and biochemical adaptations ([@bib246]). The effects of exogenous L-proline in the transgenic sorghum (*Sorghum bicolor* (L.) Moench) results in decreased chlorophyll content up to 30--38% in transgenic than in untransformed but the carotenoid level was not altered. There was complete reduction in the photosynthetic rate (PSII activity) in untransformed completely while it declined to 62--88% in various transgenic lines. Salinity stress induced 100% stomatal closure in non-transformed plants but after few days stomatal conductance reduced to 64--81% in transgenic. Level of intercellular CO~2~ lowered by 30% in transgenic. Leaves exposed to 100 mM NaCl leads to an increase in the level of CAT, SOD and glutathione reductase but lowere the value of MDA in transgenics ([@bib240]).

7.3. Effect of exogenous L-proline on plant-water relation and photosynthesis {#sec7.3}
-----------------------------------------------------------------------------

Generally, stress hampers the plant water relations ([@bib23]) and due to this may affect uptake of water, ascent of sap stomatal functioning ([@bib228]) and chlorophyll biosynthesis retardation ([@bib277]) ultimately leading to decreased photosynthesis. Decrease in water potential in leaf is associated with stress. When the plants are exposed to heavy metals there was disturbance in plant-water relation but this exposure was triggered by L-proline accumulation as observed in *Lectuca sativa* in response to Cd ([@bib48]). In *Vicia faba* exogenous L-proline application enhanced the leaf water potential during salinity stress ([@bib77]). Application of exogenous L-proline in a concentration dependent manner mitigated the decrease in photosynthetic activity in and also leaf water potential in *Olea europaea* L. cv Chemlali under salt stress condition ([@bib28]). Various research showed that L-proline is well known to protect under stress by various methods such as mitochondrial ETS complex II ([@bib84]), enzymes like RUBISCO ([@bib11]) and membrane and proteins ([@bib216]; [@bib170]; [@bib173]; [@bib99]). In comparison with other osmolytes such as glycine, betaine, L-proline application was very effective in alleviating NaCl-generated stress in cells of tobacco ([@bib19]). In *V. faba* when exogenously L-proline applied to upper and lower stomata responded differently in different concentrations either to intact or detached leaves ([@bib237]; [@bib154]) as a result the stomata on abaxial surface exhibited higher resistance than adaxial surface. Furthermore, it was also seen that when lower dose of L-proline was supplied it proved effective in increasing the stomatal resistance than spraying ABA ([@bib237]). In leaves of wheat and barley undergoing stress an exogenous L-proline application maintained turgidity ([@bib238]). Structurally L-proline possesses a rigid structure that carries no charge at neutral pH and also maintains high solubility in water. L-proline alleviates the activity of ribulose-1,5-bisphosphate even at a concentration of 50 mM NaCl and therefore plays its role in protecting photosynthetic activity under various stresses as elucidated ([@bib281]). According to [@bib318] L-proline stabilizes protein structures by buried the peptide backbone and expedites protein folding. Under salt stress L-proline prevents aggregation of P39A cellular retinoic acid binding protein ([@bib110]). L-proline accumulation results in enhancing the cellular osmolarity that increases water influx and reduces efflux thus, provides pressure potential that is needed for cell expansion ([@bib128]).

7.4. Effect of exogenous L-proline on plants exposed to salinity {#sec7.4}
----------------------------------------------------------------

One of the major and serious problems associated with plants worldwide is high salinity which results in serious metabolic disturbance and reduction in plant\'s growth, yield and productivity. It also hampers protein content in *Pancratium maritium*. But effect was reverse significantly when exogenous L-proline was applied to the plants ([@bib147]). Due to salinity stress there was reduction in the ubiquitin conjugate content ad also inhibition of antioxidative enzymes catalase and peroxidase in *P. maritimum* but after exogenous L-proline application the effect was significantly overcome ([@bib147]). In *Vicia faba*, exogenous L-proline application alleviated the salinity-induced stress ([@bib77]) and also membrane disruptions. In the similar experiment, he showed that there was increase in leaf chlorophyll content, relative water content of leaf and thus overall plant growth. Exogenous application of L-proline also increased percentage and root length in salinity stressed pea plant ([@bib24]; [@bib276]). In a study on *Medicago sativa* callus cells, exogenous L-proline application resulted in an increase in dry weight and also increased free proilne content in salinity induced stress callus cells ([@bib61]). In *Mesembryanthemum crystallinum* L. addition of exogenous L-proline into nutrient medium drastically decreased oxidative damage due to stress caused *via* salinity thus resulting in decreased lipid peroxidation rate but chlorophyll content was increased in leaves of salt stressed plants ([@bib272]). In *Cucumis sativus* L. exogenous L-proline application alleviated growth inhibition that was induced *via* NaCl, and was also accompanied by higher POD activity and relative water content of leaf ([@bib108]). L-proline acts as a compatible solute and is upregulated in plants under various abiotic stresses. During salt stress exogenous L-proline application reduced the Na^+^/K^+^ ratio and this alleviated the endogenous L-proline and also transcription levels of P5CS and P5CR but in the meantime upregulated the some antioxidant enzymes and also genes encoding these were upregulated. Effect of exogenous L-proline improved the adverse effect of L-proline by improving the RWC, chlorophyll, carotenoid, photosynthetic activity and starch content in two year old olive tree ([@bib7]). Application of exogenous L-proline contributes to plant\'s protection against the salt stress through the induction of antioxidant defense systems in the two cultivars of rice, one salt sensitive species (BRRI dhan29) and other moderately salt-tolerant (BRRI dhan47) species by significantly increase in plant growth, increased grain yield in the salt sensitive cultivar. Salt stress decreased chlorophyll and ascorbate contents, straw Na^+^/K^+^ ratio and significantly lowered the activity of antioxidant enzyme guaiacol peroxidase (POX) in the two cultivars. But when L-proline was applied exogenously it increased the chlorophyll, ascorbate contents, intracellular L-proline and K^+^/Na^+^ ratio and activities of antioxidant enzymes in salt sensitive rice cultivar ([@bib32]). In *Eurya emarginata* application of exogenous L-proline in the salt stress condition allievated the fresh weight, endogenous L-proline and K^+^ concentration but in same time decreased the Na^+^ and MDA concentration. Thus, high K^+^ and low MDA was associated with increased H^+^-ATPase activity and also antioxidant enzymes except GPX. There was sharply decrease in the P5CS activity but PDH activity was remaining unmodulated. Due to exogenous L-proline there was decrease in the endogenous synthetic L-proline showing that more energy was stored in the form of nitrogen and can be used for growth of plants ([@bib339]). One of the study showed that sugarcane (*Saccharum officinarum* L.) productivity is highly influenced by salt stress as salinity stress induces oxidative stress that in turn damages cellular structures and biomolecules but on the application of exogenous L-proline Na^+^ accumulation in the plant was reduced in the mean while salt stressed plants showed high Na ^+^ accumulation other than this enzymatic activity was evaluated that showed activity of CAT, APX and POD was increased ([@bib174]). In *Oryza sativa* when L-proline was exogenously applied it enhanced the plant\'s height, number of roots, root nitrate content, root NR, and root GS activities under the salt stress in rice cultivars ([@bib291]). Exogenous application of L-proline enhanced the proline content due to elevated level of P5CS also disfunction on enzyme L-proline dehydrogenase (PDH) or L-proline oxidase ([@bib115]; [@bib275]). Effect of exogenous L-proline on *Solanum melongena* L. counteracted the adverse effects of salt stress on the shoot fresh weight of the eggplant cultivars and also on the A/E ratio in cv. Round only ([@bib266]). Exogenous L-proline application on the seedlings of two *Lupinus termis* L. varieties under salt stress showed remarkable enhancement in the growth attributes, physiological characteristics and yield, and also on the various anatomical attributes of the plant under study. It was examined that 6 Mm concentration of L-proline caused highest level of plant growth, total soluble sugar, leaf photosynthetic pigments, endogenous L-proline, yield and the best anatomical study was made at this concentration ([@bib233]). In chilli exogenous L-proline application enhanced the shoot root length, fresh weight and dry mass of plant, photosynthetic rate, antioxidant enzyme (SOD and CAT) activity and transpiration rate under salinity stress ([@bib41]). Effect of exogenous L-proline on salt tolerant species *Tetragenococcus halophilus* showed accumulation of intracellular L-proline which leads to increase in biomass. According to metabolomic approach that was applied revealed protective mechanism and cellular metabolic response of L-proline under salt stress. Results showed that both metabolite profiling and cellular membrane fatty acid composition increased unsaturated and cyclopropane fatty acid proportion and accumulation of certain specific intracellular metabolites i.e., environment stress protector. Cells supplemented with L-proline showed increased level in the intermediates of glycolysis, TCA cycle and pentose phosphate pathway. Also, application of L-proline resulted in enhanced concentration of many organic osmolytes such as alanine, glutamate, N-acetyl-trytophan, citrulline and mannitol necessary for osmotic homeostasis ([@bib94]). Effect of exogenous L-proline on the *Capsicum annum* L. Showed increased levels of Na^+^ and Na^+^/K^+^ ratio with increasing levels of salinity also there was increased growth, yield and quality of plants on the application of osmolyte under salinity stress ([@bib181], [@bib182]; [@bib125]).

L-proline performs a protective function such as it serves as an osmolyte, helps in the maintenance of redox balance through the regulation of ROS and magnesium metabolism (MG) metabolism, also boosts the photosynthetic performance in the plants, also can regulate development and is also a component of various metabolic signaling networks therefore controlling the several mitochondrial functions, stress relief and development.

7.5. Regulation of L-proline metabolism during the salt stress condition {#sec7.5}
------------------------------------------------------------------------

The amount of L-proline content has been increased during the salinity stress condition ([@bib125]). The higher concentration of L-proline is responsible for the tolerance of the plant under the salinity stress condition ([@bib249]). In various stress conditions due to the genetic manipulation of L-proline metabolism, L-proline accumulation takes place ([@bib289]). During the salt stress condition, gene zinc finger TF (ZFP3), changed L-proline accumulation in *Arabidopsis* in comparison to normal condition ([@bib333]). Genes expression of *P5CS* and *ProDH* upregulated by 5-aminolevulinic acid (ALA), and changed the L-proline concentration because these genes encoding the L-proline metabolic enzymes, during the salt stress condition ([@bib321]). ALA treatment increased the salt tolerance, by enhancing the L-proline accumulation in *Brassica napus* ([@bib321]). The L-proline accumulation in the rice plant has been increased 5- fold during the high concentration of salt in comparison to non-stress condition ([@bib120]). The accumulation of L-proline has been increased by the overexpression of gene *OsNAC5* and improved tolerance under the high salt concentration ([@bib294]). The osmolyte such as L-proline play a role in cellular homeostasis maintenance *via* osmotic regulation under salt stress condition and induces physiological process properly ([@bib116]). In *Brassica napus*, salt stress activated the L-proline biosynthesis and inhibited the L-proline degradation ([@bib323]). L-proline is an important osmolyte in osmotic adjustment under the salinity stress condition ([@bib19]). Sodium nitro prusside (SNP) increased the tolerance activity in cucumber seedling against the salt stress condition by adjusting the biosynthesis of L-proline by enhance the P5CS activity and reduced the L-proline dehydrogenase (*PDH*) activity ([@bib62]). Under the salt stress condition, 24-Epibrassinolide enhanced the activity of antioxidant system by increasing the level of L-proline accumulation in *Cucumis sativus* ([@bib63]). The synthesis of L-proline by the slightly increase in the expression of *KvOAT* with increasing the salinity stress, But for the biosynthesis of L-proline in *Kosteletzkya virginica*, up regulate the expression of *KvP5CS1* played the more important role compare to *KvOAT* for the accumulation of L-proline under the high salt concentration ([@bib312]). Plant tolerates under osmotic condition due to overexpression of bHLH protein and results in the increase in the L-proline level ([@bib161], [@bib162]; [@bib191], [@bib183]) in cold stress ([@bib126]). When *Arabidopsis* faced the high salt condition, then LY294002 inhibits the PI3K, hence results decreased to P5CS1 and enhanced the PRODH1 expression and lower the level of L-proline content ([@bib159]). Phytohormones up-regulates the L-proline biosynthesis and enhanced salt tolerance ([@bib116]). [Table 3](#tbl3){ref-type="table"} showed the regulatory factors and their expression in concerning to L-proline and related gene activities.Table 3Regulatory factors and their gene expression in regarding L-proline accumulation, biosynthesis under different environmental stress conditions.Table 3Regulatory factorsExpressionReferencesALAUp- regulated the *P5CS, proDH* expression[@bib321]Gene *OsNAC5*Increased the L-proline accumulation[@bib116]SNPEnhanced the *P5CS* activity[@bib62]SNPReduced the *PDH* activity[@bib62]24-EpibrassinolideIncreased the L-proline accumulation[@bib63]High expression of *KvP5CS1* and *KvOAT* and low expression of *KvPDH*Increased the L-proline accumulation under salt stress[@bib312]Overexpression of bHLH proteinEnhanced the L-proline accumulation under osmotic condition[@bib161], 2015LY294002 overexpressedDown regulated the *P5CS1* and Up-regulated the *PRODH1* expression under salt stress[@bib159]PhytohormonesUp-regulates the L-proline biosynthesis under salt stress[@bib116]*P5CS1* and *P5CR* are overexpressedIncreased the biosynthesis of L-proline under drought stress[@bib286]; [@bib156]*ABI1* and CaM4 calmodulin-MYB2 pathwayUp-regulates the *P5CS1* transcription[@bib151]; [@bib284]; [@bib329]; [@bib219]*CAU1*Up-regulates *ANAC055*--*P5CS1*[@bib73]

The higher accumulation of L-proline during the drought tolerance condition is due to its utility during drought recovery period. Unfortunately, some drought susceptible genotypes like Scarlett failed to utilized the reserved L-proline efficiently due to early leaf (wilting) and leaf death which results in L-proline reduction during the drought stress condition in barley ([@bib257]). In the case of drought tolerance, barley crop have higher L-proline level in the drought susceptible genotypes ([@bib278]; [@bib85]). During the water stress condition L-proline act as a compatible osmolyte and it may also source of carbon, nitrogen and energy during the recovery of the plant ([@bib296]; [@bib286]). During water stress condition L-proline act ass signal molecules that control the various genes expression and enhance the plant growth and development such as flowering and seed set ([@bib171]; [@bib287]). L-proline synthesized from glutamate by the enzymes D1-pyrroline-5-carboxylate (P5C) synthetase (P5CS; EC 2.7.2.11) and P5C reductase (P5CR; EC 1.5.1.2) and reversed to again glutamate by enzymes L-proline dehydrogenase in *A. thaliana* ([@bib287]).

Under drought stress condition L-proline act as an osmoprotectant and accumulation of the L-proline by the expression of some genes and it regulated at the transcriptional level ([@bib56]; [@bib331]). High L-proline accumulation was observed in pigeon pea under polyethylene glycol (PEG) induced water stress condition ([@bib65]). Insertion of heterogenous gene *P5CS* in to the tobacco plants results to increase the L-proline accumulation under the water limiting condition than the control plant ([@bib340]; [@bib153]; [@bib230]). The accumulation of L-proline in rice can increase the expression of the drought stress genes ([@bib121]). In the case of *Arabidopsis,* three enzymes coding genes *P5CS1*, *P5CS2* and *P5C*R regulates the L-proline metabolism under the drought stress. Out of these three genes two genes (*P5CS1* and *P5CR*) increased with the biosynthesis of L-proline in chloroplast and one gene (*P5CS2*) act as a housekeeping gene for the L-proline biosynthesis under the drought stress condition ([@bib286]; [@bib156]). Under drought stress condition L-proline act as reliable marker for the measurement of drought stress, because QPC.S42.3H, QPC.S42.4H and QPC.S42.6H increased the total L-proline content in comparison to control ([@bib257]). Melatonin treatment is responsible for the increased accumulation of L-proline in comparison to non-treated plants under drought stress condition ([@bib15]). Melatonin treatments was supported by the result of P5CS activity assay, as well as by transcriptional level of *P5CS* and *P5CR*, these two enzymes responsible for the biosynthesis of L-proline under drought stress ([@bib93]). In the several plant, *ABI1* (*ABA-INSENSITIVE 1*) and the CaM4 calmodulin-MYB2 pathway regulates the transcription of *P5CS1* (encoding the L-proline biosynthetic enzyme Δ^1^-pyrroline-5-carboxylate synthetase 1) regulatory pathway are involved in the control of *P5CS1* transcription ([@bib151]; [@bib284]; [@bib329]; [@bib219]). The *CAU1* regulates the *ANAC055*--*P5CS1* (downstream pathway) which leads to L-proline accumulation under drought stress condition and this result indicates that *ANAC055* and *CAS* are genetically independent genes of *CAU1* and *CAU1*--*ANAC055* plays the major role under the drought stress conditions ([@bib73]). P5CR activity regulated by L-proline and chloride ions which depend on whether NADH or NADPH was used as the cofactor ([@bib79]). The L-proline metabolism affects the NADH/NADPH ratio under the stress condition ([@bib271]). Under the water stress condition decrease the L-proline accumulation because of alternative splicing at the *P5CS1* locus ([@bib141]). When the plant under the drought stress condition have higher level of PDH1 at the same time when the accumulation of L-proline level has been increased ([@bib136]; [@bib259]). Three mutants such as *PP2Cs*, highly *ABA-Induced 1* (*HAI1), HAI2* (also known as *AKT*-Interacting Phosphatase1, *AIP1*) and *HAI3* increased the accumulation of L-proline under the low water potential ([@bib30]). Under the water stress condition ABA-induced protein phosphatase 2Cs (PP2Cs) affect the P5CS1 and PDH1 at protein level and similarly increased the L-proline accumulation ([@bib31]). *ProDH1* mainly involved in L-proline degradation, under water stress condition, accumulation of L-proline has been increased, because of *proDH1* down regulated and up regulated by L-proline ([@bib150]). In the cold tolerant plant *Adonis amurensis* increased the two fold of L-proline accumulation due to the overexpression of *AaDREB1* protien in rice under both uncool and cold stress conditions ([@bib343]). L-proline level increased by degradation of L-proline biosynthesis inhibiting enzymes, so enhanced the tolerance of *Nicotiana tabacum* against drought stress ([@bib100]; [@bib80]). Under chilling condition the L-proline metabolism and its accumulation is depends on its degradation by L-proline dehydrogenase (PDH) ([@bib21]). Under cold stress condition enhanced the L-proline metabolism in peaches, which was happened due to increased glutamate decarboxylase (GAD), P5CS, and ornithine δ-aminotransferase (OAT) and decreased the PDH expression ([@bib267]).

7.6. Effect of exogenous L-proline on plants exposed to temperature stress {#sec7.6}
--------------------------------------------------------------------------

Plants growth and development are severely affected by high/low temperature. Deviation from optimum temperature results membrane disruption, variations in protein content, enzymatic activity and amino acid and electrolyte leakage from cells ([@bib93]). The tropical and subtropical plants for example soybean and mung bean treated with low temperature resulted in severe physiological and biochemical alterations, in which maximum alterations are arbitrated by ROS ([@bib198]).

Seed treated with low temperature result in decrease in percent germination ([@bib37]; [@bib158]; [@bib155]) and inhibit growth of plants thus decreasing yield ([@bib155]). [@bib88] observed that in *A. thaliana* exogenously applied L-proline enhances seed germination. The exogenously applied L-proline enhances plant growth ([@bib67]) and crop productivity ([@bib119]) under chilling stress conditions. The exogenous application of L-proline was provide tolerance to chilling stress at 5 °C for 2--6 days ([@bib93]) as well as had a dose-dependent stimulatory effect on seeds germination of *Vigna radiata* ([@bib229]). The role of exogenous L-proline in stabilizing membrane potential which was changed from permeable and leaky to stable and non-leaky ([@bib313], [Figure 6](#fig6){ref-type="fig"}). In *V. radiata*, chilling ([@bib218]) induces lipid peroxidation due to production of ROS was overcome by exogenously applied L-proline. [@bib302] observed that exogenously applied L-proline enhanced frost tolerance in leaves of *Solanum*. Exogenous L-proline is a reactive oxygen scavenger, reduced lipid peroxidation and it can also act as a source of carbon and nitrogen that improve seedling growth in *V. radiata* exposed to chilling stress ([@bib229]). In *Lablab purpureus* L. (Hyacinth bean) exogenously applied L-proline mitigates high-temperature induced generation of active oxygen species such as H~2~O~2~, O2^•−^, ^1^O~2~, and OH^•^ responsible for chlorophyll degradation, membrane disruption, alter the structure of proteins and enzymes ([@bib57]) and reduces the redox state, growth and productivity ([@bib235]) ([Figure 6](#fig6){ref-type="fig"}). The chickpea plant treated with L-proline alleviates the production of hydrogen peroxide and malondialdehyde (MDA) at 40/35 °C and 45/40 °C temperatures ([@bib140]). [@bib139] reported that exogenously applied L-proline alleviates chilling stress and enhanced plant growth and yield in chickpea. Exogenous application of L-proline enhanced resistance of barley leaves to high temperature at 45 °C by stabilizing the complex II of electron transport system ([@bib215]).Figure 6Hypothetical model showing L-proline mediated high temperature tolerance in plants (Adopted from [@bib235]).Figure 6

7.7. Effect of exogenous L-proline on plants exposed to heavy metal stress {#sec7.7}
--------------------------------------------------------------------------

The heavy metal is increasing day by day in soil environment due to mining, soil amended with sewage-sludge, manufacturing, waste disposal practices, surface mineralization and forest fires etc ([@bib163]; [@bib167]). Heavy metals deteriorate the soil, water and air environment and it harmful to plants and humans. Heavy metals are those metals which have density higher than 5 g/cm^3^ causes serious problem in plants ([@bib300]). It affects the various metabolic pathways in plant including blockage of photosynthetic pathways, chlorosis of leaf, disruption of conducting tissue, reduced plant growth, decreases stomatal density, disruption of cellular components, and etc. The plants exposed to a number of heavy metals such as Cu, Cd, Cu, Zn, Pb, Co, Ni, Mn, As, and others present in the environment that affect plant growth and their metabolism ([@bib20]). Uptake of Excess concentration of heavy metals in plant results the production of superoxides (O~2~^-^) anions, hydroxyl (OH^−^) radicals and H~2~O~2~ that causes lipid peroxidation, disturb cellular ionic homeostasis and damage to protein, DNA, lipid and carbohydrates ([@bib14]). Heavy metals are categorized into essential micronutrients such as Co, Fe, Mn, Mo, Ni, Zn, and Cu needed for plants growth and development and nonessential micronutrients such as Pd, Cd, As, Cr, and Hg are highly toxic for plants ([@bib264]; [@bib236]; [@bib71]). Under heavy metals stress plants have evolved enzymatic and non-enzymatic antioxidants to detoxify the ROS and methylglyoxal ([@bib105]). These antioxidants include the enzymes SOD, CAT, GPX, glutathione S-transferases (GST), APX, DHAR, and GR, water-soluble compounds such as ascorbate (AsA), glutathione (GSH) and flavonoids, and L-proline and glycinebetaine ([@bib104]). In plants accumulate osmoprotectant such as L-proline subjected to heavy metals stress condition ([@bib250]). L-proline is a multifunctional amino acid acting as an excellent osmolyte, protein stabilizer, a metal chelator, inhibitor of lipid peroxidation, redox signaling molecule and free radicals scavenger ([@bib297]). Exogenous application of L-proline play an important role in tolerance of plants exposed to heavy metal stress. In microalgae, L-proline reduces the Cd-induced ROS and maintaining the reducing environment ([@bib280]). In *Solanum nigrum* (hyperaccumulator of Cd) higher concentration of L-proline level was reported as compared to *Solanum melongena* (nonaccumulator) indicating its role in detoxification of heavy metals ([@bib285]). Exogenous L-proline and betaine enhances tolerance and mitigate growth inhibition in cultured tobacco Bright Yellow (BY-2) against Cd stress ([@bib118]). The exogenously applied L-proline reduces lipid peroxidation and K^+^ efflux in *Chlorella vulgaris* in response to heavy metal exposure ([@bib193]). The Foliar application of L-proline increases growth and photosynthetic parameters in Chickpea plant exposed to cadmium stress ([@bib92]). Heavy metal tolerant *Deschampsia* and *Silene* accumulates a higher concentration of L-proline as compared to heavy metal sensitive plants ([@bib258]). It has been reported that L-proline accumulation increases in *Cajanus cajan*, *Vigna mungo*, *Helianthus annuus* and *Triticum aestivum* exposed to heavy metals stress environment ([@bib254]; [@bib138]; [@bib25], [@bib26]; [@bib59]; [@bib180]). In *Anacystis nidulans* ([@bib316]), *Chlorella* sp. ([@bib317]) and *C. vulgaris* ([@bib193]) accumulation of L-proline increases under Cu stress condition.

The exogenous application of L-proline in plants protects the antioxidative enzyme (CAT, POX and SOD), membrane damage, Rubisco enzyme degradation and reducing the chlorophyllase and free radicals generation. In *S. nigrum* the exogenously applied L-proline enhances tolerance against cadmium stress by reducing the ROS formation and cellular damages ([@bib322]). Exogenous application of L-proline in mung bean is up-regulates the antioxidative defense enzymes synthesis, reducing lipid peroxidation and free radicals accumulation ([@bib104]), and in chickpea plant, it enhances the efficiency of nitrogen fixation and nitrogen metabolizing enzymes subjected to cadmium stress ([@bib14]).

7.8. Effect of exogenous L-proline on plants exposed to radiation stress {#sec7.8}
------------------------------------------------------------------------

The UV-B (280--315nm) radiation is harmful and produces physiological, biochemical, morphological, and anatomical changes in the plants ([@bib263]; [@bib239]). Ultraviolet radiation 290 nm reaches at the earth surface and its target to damage the DNA, protein, and membrane lipid. Under UV-B exposure plant accumulates an osmolyte such as L-proline, a free radicals scavenger ([@bib18]; [@bib342]). UV-B exposure also increases the concentrations of flavonoids and decreases the chlorophyll and Rubisco content in pea plant ([@bib292]; [@bib95]; [@bib127]; [@bib220]; [@bib142]; [@bib268]). Under UV-B stress peroxidative process might be reduced by the accumulation of L-proline to protect the plant cells ([@bib220]). Singh et al., 2009 reported the increment of L-proline content under UV-B stress in maize, pea and wheat ([@bib342]). In *Medicago saliva* (alfalfa) high concentration of prolin content were determined under water stress ([@bib117]). Kentucky bluegrass, Creeping bentgrass, tall fescue, and perennial ryegrass plugs were kept under artificial UV-B exposure for one week with 10-h photoperiod and showed high accumulation of L-proline ([@bib255]). Spathiphyllum treated with ultraviolet radiation (UV) at different time interval 0, 15, 30, 45 min and recorded the maximum value of L-proline ([@bib195]). It has been observed that in barley seedlings treated with NaCl provide more resistant to UV-B radiation ([@bib18]). In barley, exogenous application of L-proline reduced chlorophyll/carotenoid ratio due to synthesis of pigments that provided protection to UV-B radiation exposure ([@bib66]). In *Salvia officinalis* exogenously applied L-proline reduces the free radicals accumulation in response to exposure of UV-B radiation ([@bib234]).

7.9. Effect of L-proline on enzymes and metabolites {#sec7.9}
---------------------------------------------------

Exogenously applied L-proline enhances the activity of various antioxidative enzymes and metabolites which are involved in mitigates abiotic stresses have been listed in [Table 4](#tbl4){ref-type="table"}.Table 4Effect of exogenous L-proline on various antioxidative enzyme and metabolites.Table 4PlantsResponse/EffectReference*Cicer arietinum*Enhanced SOD, CAT and POD enzymes activities under Cd stress[@bib92]*Eurya emarginata*Alleviated salt stress by increasing the CAT, POD, and GPX enzymes activities[@bib339]*Glycine max*Enhanced nitrogenase activity under drought stress in bacteroid nodule[@bib222]*Mung bean*Increased phenolics content under chilling stress[@bib229]Alleviated salt stress by enhancement of glutathione rductase (GR), glutathione peroxidase (GPX), ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), and glutathione S-transferase (GST) activities[@bib104]*Nicotiana tabacum*Alleviated salt stress by reducing membrane damage[@bib212]Increased superoxide dismutase, L-proline oxidase and catalase activities in salt stress condition[@bib102]*Nicotiana tabacum* cv. Bright Yellow-2 (BY-2) cellsEnhanced antioxidative enzymes activities (CAT and SOD) under Cd stress[@bib118]*Olea europaea* cv. ChemlaliIncreased SOD, CAT and APX enzymes activities under salt stress[@bib28]Mitigated Cd stress by improvement of antioxidative enzymes activities such as CAT, SOD, GPX and APX[@bib344]*Pancratium maritimum*Mitigated salt stress by protecting enzymes[@bib147]*Phoenix dactylifera*Enhanced catalase, glutathione peroxidase and superoxide dismutase activities in both leaves and roots under Cd stress[@bib344]*Vicia faba*Increased soluble sugar, hydrolysable sugar and soluble protein contents under salt stress[@bib77]*Zea mays*Protect 3D structure of enzymes against cold stress[@bib260]; [@bib216]L-proline-primed seed increases POD and APX activity while soil watered with 5 μM and 50 μM concentration of Cd[@bib137]

7.10. Effect of excess L-proline {#sec7.10}
--------------------------------

L-proline is an anti-stress compound which plays a multi-functional role in plant against stresses. The Basal and excess level of L-proline in plant is reported approximate 93.2% and 98.6 % respectively ([@bib195]). Exogenous L-proline may be having side effect to plant instead of protective function under stress condition ([@bib36]; [@bib96]; [@bib58]). The external supply of L-proline to *Arabidopsis* is suppressed the At-PDH, called AtProDH ([@bib168]). Root and shoot growth were inhibited due to PDH showed the hypersensitivity to the application of exogenous L-proline ([@bib206]). If accumulated concentration of L-proline is very high then it showed the negative effect on tomato, where an imbalanced the inorganic ions ([@bib97]). The excessive concentration of exogenous L-proline inhibits the growth whereas at a low concentration of L-proline expanded *in vitro* shoot organogenesis in *Arabidopsis* hypocotyls explants ([@bib87]).

If the accumulation of exogenous L-proline in higher concentration, then it inhibits the P5CS, thus inhibited the organogenesis as in *Arabidopsis* ([@bib339]; [@bib78]; [@bib10]; [@bib90]). Applied of exogenous L-proline may be highly toxic for plant metabolism ([@bib36]). The degradation of Pro into P5C and GSA toxic intermediates, which can causes the cell death ([@bib96]). P5C cycle was increased due to application of high level of exogenous L-proline, which increased the transport of electron into ROS ([@bib196]). High concentrations of L-proline stimulate the toxic effects of Cd in rice seedlings.

8. Conclusion {#sec8}
=============

L-proline plays a significant role in ROS scavenging besides this it may become a convenient tool to pawn the adverse consequence of stressful surroundings thus reducing yearly losses to agriculture. Albeit, the various physio-morphological effects of L-proline on plants, ample work is still required for further complete understating of its effects on plant response to external stress. From an applied science viewpoint, L-proline is still of curiosity as an approach for enhancing plant stress tolerance, however intensifying elementary information should lead to new distinguished appearances of engineering L-proline metabolism. The administrative instruments controlling L-proline metabolism, intercellular and intracellular transport and associations of L-proline to other new metabolic pathways are extremely imperative to the *in vivo* roles of L-proline metabolism. Associations of L-proline metabolism to the oxidative pentose phosphate pathway and glutamate-glutamine metabolism are specific attention. The N-acetyl glutamate pathway can similarly generate ornithine and feasibly L-proline, but yet its function and activity are indistinct. Utilization of model frameworks, for example, *A. thaliana* to well understand both these prolonged studied and recently developing roles of L-proline can support in the structure of next-generation investigation although L-proline metabolism is an auspicious metabolic engineering goal for refining stress resistance of productively significant plants.
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[^1]: (P~N~ - net photosynthesis rate; F~v~/F~M~ -- maximum quantum yield of photosystem II photochemistry; Chl -- chlorophyll).
